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Abstract 
In order to assess the comprehensive performance of photovoltaic thermal system based on micro heat pipe array (MHPA-PV/T) 
systems in different regions of China, the mathematical model of the system was built. The reliability of the model was verified 
through the experimental data of four typical seasons, and the simulated results agreed well with the experiment. Then, this 
model was used to predict PV/T system performance in five typical cities of different regions in China. For the MHPA-PV/T 
system of two 195W peak power modules and the 100L capacity heat collecting water tank, model prediction results shows that 
the average thermal efficiency in Beijing, Changchun, Nanjing, Haikou and Xining were respectively 28.5%,27.8%,27.3%,31.5% 
and 28.3%, average electrical efficiency were 13.6%,13.9%,13.8%, 13.3% and14.0%, the total efficiency of solar energy 
utilization were respectively 42.1%,41.7%,41.1%,44.8% and 42.3%, the total generation capacity were 
415.7kW·h,446.9kW·h,372.8kW·h,325.7kW·h and 471.8kW·h, the ratio of solar heat supply and demand were 
respectively89.6%,.79.9%,84.0%,105.8% and 80.5%. 
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1. Introduction 
Cooling the photovoltaic cell is an important way to improve its efficiency. The integration components can 
collect waste heat, get the heat energy at the same time to gain electricity apply. The micro heat pipe array 
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(MHPA)[1], a kind of efficient heat transfer components, was designed to fit on the back of photovoltaic cells to 
form the photovoltaic thermal (PV/T) component[2]. The MHPA-PV/T module has many technology advantages, 
such as larger contact area, reliable operation, no medium leakage risk, and lower investment, simple manufacturing, 
etc. Preliminary tests in Beijing showed [3] that the component can reduce the temperature of photovoltaic cells 
effectively, improve power generation efficiency while collecting hot water. The new MHPA-PV/T module 
performance is excellent and it will be widely used in different region. This paper built a mathematical model of the 
household MHPA-PV/T system and simulated system operating performance in different regions, to predict the 
long-term application effect of the systems in different regions of China and to provide theoretical basis for its 
practical application. 
 
Nomenclature 
Qu heat energy from component to the tank, W Tb 
water temperature in tank at starts system 
running, °C 
M total mass of water holding tank inside, kg Te 
water temperature in tank at the end 
running, °C 
cp water specific heat capacity, J/(kg• °C) NK  
solar cell’s power generation efficiency 
under standard condition, 1000 
Ts water temperature in tank, °C aM  
temperature attenuation coefficient of the 
solar cell, 0.0045 
Us tank’s heat loss coefficient, W/°C Tpv 
battery’s average temperature, here is the 
tank temperature plus 6 °C 
Ta ambient temperature, °C P output power of the cell, W 
Ac area of lighting components, m2 U0 instantaneous voltage value, V 
FR component’s heat transfer factor I0 instantaneous current value, A 
G 
solar irradiance on components’ surface, 
W/m2 
H 
cumulative amount of radiation , MJ / ( • 
day) 
UL 
total heat loss coefficient of MHPA-PV/T 
components, W/°C 
Qaux,d 
auxiliary energy daily consumption for hot 
water systems, W 
t time interval, s Qload,d 
daily load energy demand for the hot water 
system, W 
Ts+ termination temperature in time interval, °C N number of days per month 
Qd solar hot water system daily effective heat 
gain, MJ 
  
 
2. MHPA-PV/T System Model 
2.1. Heat collecting part 
The system’s heat collecting section use the model calculations described in literature [4]. 
Assuming water in the holding tank is sufficiently mix, and ignore the pipe heat loss, energy balance equation is: 
                                               
s( ) ( )u W s s s a
dTQ Mc U T T
dt
                                  ˄1˅ 
The formula of the thermal performance of flat solar collectors is used to evaluate the MHPA-PV/T components: 
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[ ( ) ( )]u c R e L s aQ A F G U T TWD                              ˄2˅ 
It can be obtained by MHPA-PV/T instantaneous efficiency experiment test results. 
Therefore, the energy balance equation for the hot water system as following: 
[ ( ) ( )] ( ) ( )sc R e L s a p s s s a
dTA F G U T T Mc U T T
dt
WD     
                         
˄3˅ 
It can be obtained from the above equation:  
                                              [ ( ) ( )] ( ) ( )
( )
s c R
e L s a s s a
p s p
dT A F UG U T T T T
dt Mc Mc
WD                                 (4) 
A differential equation can be used expressed as˖ 
 `^ [ ( ) ( )] ( )
( )s s c R e L s a s s ap s
tT T A F G U T T U T T
Mc
WD '       ˄5˅ 
Hot water systems daily efficiently heat gain as following:  
                                                                            ( )d w e sQ Mc T T                                                         ˄6˅ 
2.2. Power generation part 
For monocrystalline solar cells’ power generation components, use the following empirical formula [5]: 
                                                        1 ( 25)g N a pvE G TJ K Mª º  ¬ ¼                           ˄7˅ 
 
The ambient temperature is 25°C, here takes to be 14.5%. Daily average photoelectric conversion efficiency of 
the system is calculated by using the following formula [6]: 
                                                        e
U IP o o
A H A Hc c
K ¦¦  
                     ˄8˅ 
2.3. Model calculation 
In the calculation of the model, the meteorological parameters adopt the data of typical year. Two MHPA-PV/T 
components was chosen, which are both 195 watts peak power, with the installation angle of local latitude plus 5 
degrees, and facing north set. Assembly instantaneous collector efficiency curve for Șc=0.444-6.647(Tin-Ta)/G, 
where Tin is for the component’s inlet temperature, which is  equal to Ts, the heat loss coefficient of hot water tank 
Usadopt 2.56 W/°C and water temperature is obtained from local meteorological data. On the basis of the solar 
irradiance and ambient temperature of the typical meteorological year [7] and other relevant parameters, according 
to the formula 5 and 7, the water temperature and power generation timely of the system can be calculated. 
3. Verification of model 
In order to check the reliability of the model, typical days of four seasons in Beijing are selected in this paper, 
shown in Table 1.Fig.1,2 show the simulation and experimental results of May 29, 2013. 
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Fig.1 The comparison of tank temperature                       Fig.2 The comparison of power generation 
From the verification results, there’s litter gap of water temperature timely, but the temperature is closer when the 
time is 15:00, considering the actual process, the system has been dissipated to the outside at about 15:00.Therefore, 
we take the water temperature at 15:00 as the tank’s termination temperature. 
Power generation is computing the value by the average time of 1 minute experimental recording data, while the 
calculated value is based on a typical year the whole point of the irradiation intensity. Calculated error on cloudy 
days (last two days) will be large, the error in sunny day will be small. Therefore, the model can be used reliably 
predictive analysis in different parts of the application of the system. 
Tab. 1 Error of calculated values and experimental values 
Date 
Test 
temperature 
(ć) 
Calculated 
temperature 
(ć) 
error˄%
˅ 
Test power 
generation 
(kWh) 
Calculated power 
generation 
(kWh) 
error˄%
˅ 
May 29th 56.7 58.0 -2.29 1.57 1.57 0.00 
May 30th 56.7 57.5 -1.41 1.51 1.50 0.66 
Aug.t 18th 60.6 57.4 5.28 1.43 1.42 0.70 
Sept. 26th 54.3 54.1 0.37 1.47 1.52 -3.40 
Oct. 30th 35.4 34.5 2.54 0.96 1.03 -7.29 
Dec. 6th 28.4 27.7 2.46 0.78 0.85 -8.97 
 
4. Simulation and prediction of MHPA-PV/T system applied in different regions of China 
4.1. Performance evaluation index of MHPA-PV/T System 
Now use the model to validate and study the performance of MHPA-PV/T system with two 195Wp modules and 
100L tank in different regions. Each variable is calculated as follows:  
Monthly average daily effective heat gain of hot water system: 
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                                                                 1
N
dd
d
Q
Q
N

6
                         ˄9˅ 
Hot water systems daily auxiliary heat energy needed: 
                                                       
load,d d d load,d
aux,d
d load,d0,
Q Q Q Q
Q
Q Q
 ­° ® t°¯
ˈ
                      ˄10˅ 
Hot water system’s monthly average daily auxiliary heat source consumption is calculated as follows: 
                                                           
,1
,
N
aux dd
aux d
Q
Q
N

6
                                                ˄11˅ 
Contribution rate of solar energy is defined as the ratio of energy gained from the solar energy of water heating 
system to the total energy required to meet the demand of the water temperature. The daily use of solar energy 
contribution rate of (guaranteed rate) is calculated as follows: 
                                                           , ,
,
load d aux d
d
load d
Q Q
f
Q

                                           ˄12˅ 
Monthly average daily contribution rate of solar hot water system: 
                                                                    d-1
N
d
d
f
f
N
6
                                                   ˄13˅ 
As can be seen from equation 13, the contribution rate of solar 1, therefore, the guaranteed rate alone does not 
reflect the greater degree of testing day irradiance than heat required to heat the system sets the status, where the 
monthly average of defining the system solar energy supply and demand ratio is: 
                                              
1
,
1
N
d
d
N
load d
d
Q
d
Q
 
 
 
¦
¦
                              
˄14˅ 
Daily average thermal efficiency of hot water systems is: 
                                                                             
w e b
d
c
( )Mc T T
HA
K  
                                                       ˄15˅ 
Monthly average daily thermal collect efficiency of hot water system is: 
d
d 1
d
N
N
K
K   
¦
                                                ˄16˅ 
4.2.  Prediction and analysis of system’s performance  
Select five cities of China to predictive and analysis. They are Beijing, Changchun, Nanjing, Haikou and Xining 
which represent different areas of North, Northeast, East, South and Northwest of China. 
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Fig.3The daily average irradiance                             Fig.4 The daily average temperature 
As can be seen from the parameters of a typical meteorological year, the average daily irradiation (during the test 
time) in Changchun, Xining, Beijing, Nanjing and Haikou on the inclined plane (local latitude plus 5 degrees) were 
14.284, 15.510,13.591,12.121,10.878MJ/(m2•day), the annual average ambient temperature (during the test time) 
were 5.8,6.5,12.9,15.4,24.1ć, month average ambient temperature were shown in Fig.3.4. 
Because of the different geographical position, the differences of  parameters are larger on the solar irradiance, 
ambient temperature and water temperature. Therefore, the same systems have greater differences in the earnings for 
different five cities, which shows in Table 2. Although the solar energy resources is very rich in Xining, the ambient 
temperature is very low and the thermal efficiency is only 0.283 throughout the year, the auxiliary heat consumption 
per day is 3.88MJ, but, the power generation efficiency is higher, the average monthly total generating capacity is 
39.32kW•h. Beijing and Changchun’s meteorological parameters are similar to Xining, the total radiation intensity 
slightly lower, but the ambient temperature is lower in Changchun, therefore, the thermal efficiency in Changchun is 
slightly lower than Beijing and Xining. Annual irradiance in Nanjing is smaller, average collect thermal efficiency is 
only 27.3%, the average power output is only 1.02 kW•h. Although the total irradiance is very low in Haikou, but 
the annual ambient temperature is high, as shown in Fig.5, the other four cities thermal efficiency are greatly 
affected by the month change, only Haikou thermal efficiency is more than 30 percent throughout the whole year. 
The total generating capacity is lower than other cities. 
Figure 6 is average daily ending water temperature of the system for each month. In most cities, October to April 
of following year, the average water temperature were lower than 45ć, at these times it is required to use more 
auxiliary heat source to achieve 45ć hot water temperature. During May to September, due to the high ambient 
temperature, during the test periods, the terminate water temperature is always very high, which even higher than 60
ć.  
It can also be seen from Table 2 that the difference between the guaranteed rate and the ratio of supply to demand 
is due to taking into account the heat of the hot water temperature exceeds 45ć.If the difference is too large, it 
indicates that the tank volume is needed to select on the local conditions.100L tank is fit because of the differences 
of guaranteed rate and supply demand ratio are smaller. For Changchun and Xining. There are obvious differences 
in Beijing, Nanjing, especially in Haikou, so it is needed to analysis user’s hot water load to select the appropriate 
tank volume. 
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Tab. 2 The average value of predicted calculation 
 
daily 
average 
irradiance 
Total 
heat 
gain 
Termination 
temperature 
thermal      
efficiency 
Heat 
required 
Heat 
guaranteed 
rate 
supply 
and 
demand 
ratio 
Auxiliary 
heat 
consumption 
Power 
generation 
efficiency 
The 
average 
daily 
power 
generation 
 MJ/(m2. day) MJ/day ć  MJ/day   MJ/day  kW.h 
Changchun 14.28 10.04 36.90 0.278 13.27 0.728 0.799 4.27 0.139 1.23 
Xining 15.51 11.21 38.18 0.283 14.22 0.729 0.805 3.88 0.140 1.29 
Beijing 13.59 9.96 40.83 0.285 11.87 0.742 0.896 3.60 0.136 1.14 
Nanjing 12.12 8.87 38.81 0.273 11.56 0.697 0.840 3.80 0.138 1.02 
Haikou 10.88 8.57 44.48 0.315 8.78 0.813 1.058 2.00 0.133 0.89 
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Fig.5 System daily average heat gain                                 Fig.6 System daily average thermal efficiency 
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Fig. 7 System daily average ending of water temperature             Fig. 8 System daily average ratio of supply and demand                               
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Fig. 9 System daily average guarantee rate                          Fig. 10 System daily average power generation efficiency 
5. Conclusions 
In this paper, a mathematical model of MHPA-PV/T system is built, the model is verified by the experimental 
results. And the model it can be used to simulate and predict the MHPA-PV/T system applied to different regions of 
north, northeast, east, south and northwest of China. It shown that the MHPA-PV/T system can significantly 
improve the efficiency of solar energy utilization. The main conclusions are as follows:  
1. The tank water ending temperature error between experimental data and model prediction data does not exceed 
6%, the generating capacity’s error does not exceed 9%, to verify the reliability of the model;  
2. Using typical meteorological data to predict household PV/T system applied in Beijing, Changchun, Nanjing, 
Haikou and Xining of China. For the system of two 195W peak power modules and the 100L capacity heat 
collecting water tank, the system’s average thermal efficiency are respectively 0.285,0.278,0.273,0.315, and 0.283, 
average generation efficiency are respectively 0.136,0.139,0.138,0.133 and 0.140, the total efficiency of solar 
energy utilization are 0.421,0.417,0.411,0.448 and 0.423. The total generating capacity are 415.7,446.9, 372.8, 
325.7 and 471.8kW.h, solar heat supply and demand ratio are respectively 0.896,0.799,0.840,1.058 and 0.805. 
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